
3384 

quantitative yield by the addition of 1 mole equiv of tert-bu-
tyllithium7 in n-pentane (0°) to a tetrahydrofuran (THF) 
solution of trisiamylborane8 at - 7 8 ° ; 11B NMR (BF3:Et20) 
exhibits two pairs of doublets at +13.28 (three parts), 7 = 75 
Hz and +14.48 (one part), J = 75 Hz.9 Analogously lithium 
tris(?/-a«5-2-methylcyclopentyl)borohydride is prepared in 
100% yield. 

Lithium trisiamylborohydride completely reduces the 
moderately hindered ketones, 2-methylcyclopentanone and 
2-methylcyclohexanone, to the corresponding cis alcohols in 
>99.5% stereoselectivity. 

The relatively unhindered ketone, 3-methylcyclohexanone, 
is quantitatively reduced to rra«5-3-methylcyclohexanol in 
99.6% isomeric purity (eq 2). 

O OH 

LiSiajBH, THF 
* • 

-78°. 2 h 
99.6% (2) 

Under these conditions the corresponding reaction with L-
Selectride proceeds with only 95% stereoselectivity. 

Even more important is the reduction of 4-alkylcyclohexa-
nones, the least hindered of the alkylcyclohexanones. Essen
tially all of the simple hydride reagents preferentially attack 
from the axial direction giving the rran^-carbinol as the major 
product.10 Application of L-Selectride increases the equatorial 
attack significantly (90-96%). We examined a representative 
series of 4-alkylcyclohexanones (alkyl = methyl, ethyl, iso-
propyl and r-butyl) with LTSBH. All of them underwent es
sentially quantitative conversion to ris-4-alkylcyclohexanols 
in 99% or better isomeric purity (eq 3 and 4). The unhindered 

O OH 

LiSiajBH, THF_ 

-78° 2h 

LiSia3BH, THF 

-78°, 2h 

98% isolated 
>99.5% cis 

99% 

(3) 

(4) 

bicyclic ketone, norcamphor, is reduced to the endo alcohol in 
99.5% purity. Surprisingly, the highly hindered bicyclic ketone, 
camphor, is essentially inert to LTSBH at 0° (2 h); only 10% 
conversion is achieved in 24 h. However, it is possible to achieve 
complete conversion at higher temperature: 80% conversion, 
99.3% exo, in 72 h at 25° (eq 5). The corresponding reduction 

LiSJa3BH, THF^ 

25°. 72 h 

O 

OH 

80% (995% exo) 

(5) 

with LTMBH at 0° is complete in 24 h. All of the trialkylbo-
rohydrides currently known reduce camphor completely in 1 
h or less at 0°. Presumably, the exceptionally slow reaction of 
camphor with LTSBH is an indication of the very large steric 
requirements of this reagent. This is a new development in 
trialkylborohydride chemistry and should find use in the reg-
ioselective reduction of a particular carbonyl group in a poly-
carbonyl substrate." 

The following procedure for the reduction of A-tert-b\iiy\-
cyclohexanone is representative. An oven-dried 250-ml flask, 
equipped with a sidearm fitted with a Teflon stopcock, a 
magnetic stirring bar, and a reflux condenser, connected to a 
mercury bubbler, was cooled to room temperature under a dry 

stream of nitrogen. Lithium trisiamylborohydride solution in 
THF (67 ml, 28 mmol) was introduced into the reaction flask 
and cooled to - 7 8 ° (dry ice-acetone). Then 3.7 g (24 mmol) 
of 4-/er?-butylcyclohexanone, dissolved in 25 ml of THF 
(maintained at 0°), was added. The resulting mixture was 
stirred vigorously for 2 h at - 7 8 ° and then allowed to equili
brate to room temperature (1 h). The reaction mixture was 
hydrolyzed with 4 ml of water and 15 ml of ethanol added; the 
organoborane was oxidized with 10 ml of 6 M sodium hy
droxide and 15 ml of 30% hydrogen peroxide. The aqueous 
phase was saturated with anhydrous potassium carbonate, the 
organic phase separated, and the aqueous phase extracted with 
two 20-ml portions of Et2O-THF. The combined extracts were 
dried (MgSC^). GLC analysis of the extract indicated the 
presence of cw-4-?ert-butylcyclohexanol, >99.5% isomerically 
pure. The volatile solvents and the siamyl alcohol were removed 
under reduced pressure to give 3.65 g (98%) of essentially pure 
c«-4-?erf-butylcyclohexanol as a snow-white solid, mp 80° 
( l i t .1 2mp82°). 

In conclusion, it should be pointed out that the discovery of 
these new hydride reagents has provided a convenient proce
dure for the conversion of unhindered ketones to the corre
sponding thermodynamically less stable alcohols in 99% or 
better isomeric purity. The unusual selectivity exhibited by 
these reagents arising from their very high steric requirements 
has major potential for selective reductions, and we are actively 
exploring this feature.13 
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Synthetic Methods for Sesquiterpene 
a-MethyIene-7-lactones 

Sir: 

The naturally occurring sesquiterpene a-methylene-7-lac-
tones such as vernolepin and aromaticin (1) need no intro
duction as targets for organic synthesis.1 This class of biolog-

Journal of the American Chemical Society / 98:11 / May 26, 1976 



3385 

ically active compounds includes a variety of carbocyclic 
structures, often with the a-methylene-7-lactone unit fused 
to six-,2 seven-,6 and ten-membered8 carbocyclic rings. The 
a-methylene-7-lactone unit has been assigned a central role 
in the mechanism of action of the many antitumor agents 
which bear this functional group,10 and, because of its high 
reactivity, demands careful consideration in a synthetic 
strategy. Many methods are now available for introduction of 
the exo- methylene unit into a 7-lactone ring,1 but a more di
rect strategy, and the mildest of reaction conditions, would 
seem advantageous when considering the complex functional 
groups often present in the natural a-methylene-7-lactones. 

We wish to report preliminary results concerning an ap
proach to this structural type which involves simultaneous 
construction of a carbocyclic ring and the fused a-meth-
ylene-7-lactone under particularly mild conditions, following 
the strategy outlined in eq 1 using aromaticin (1) as target. 

CHO 

CO2Me 
(D 

Because of the frequency of occurrence of perhydroazulene 
derivatives and their consistently high biological activity,7 we 
have focused on a model system (2) which provides a seven-
membered carbocyclic ring fused to an a-methylene-7-lactone 
unit. Important questions include: (1) the efficiency and gen
erality of methods which produce the a-bromomethylacry-
late/aldehyde combination in precursor 2, (2) choice of reagent 
for inducing the carbon-carbon ring closure, and (3) the 
stereochemistry of the ring fusion after (spontaneous) lac-
tonization. 

Br CO2Me 

CO2Me 

2a 

V ^ C H 0 

2b 

Br 

The Z isomer (2a) of the model was obtained in 43% yield 
overall from 7,7-dimethoxyheptanal (3).1 ' Treatment of 3 with 
the dilithium salt of methyl 2-hydroxypropionate12 followed 
by p-toluenesulfonyl chloride (1 mol equiv) produces the sul
fonate ester 4 in 63% yield. Then elimination of p-toluenesul-
fonic acid (promoted by diazabicyclo[5.4.0]undec-5-ene, 0°, 
ether) afforded the allylic alcohol, 5 (90% yield after column 
chromatography). Reaction of 5 with phosphorus tribromide 
(0°, ether) proceeded with stereospecific allylic rearrangement 
to the Z configuration of the double bond and spontaneous 
unmasking of the acetal unit to produce 2a in yields of 81 -87%. 
The configuration of the double bond in 2a is most strongly 
indicated by a triplet (1 H, J = 7.5 Hz) in the 1H NMR 
spectrum at <5 6.96, characteristic of the syn-/3-proton in ac-
rylate esters;13 high sensitivity FT 1H N M R failed to detect 

/ SCHO 
V_/r-OMe 

OMe 

HO 

C^-CO2Me 
OMe 

OMe 
5 

absorption at 5 6.20 expected for the corresponding proton in 
the E isomer, 2b. Brominations with allylic rearrangement 
usually give mixtures of isomeric olefins,14 although a recent 
example of chlorination of a system related to 4 involves ste
reospecific rearrangement.15 

The corresponding E isomer, 2b, was obtained stereospe-
cifically but in low overall yield following the method of 
Corey.16 Reaction of lithium acetylide with the methanesul-
fonate ester of 6,6-dimethoxy-l-hexanol17 produced the ter
minal alkyne, 6. The acetylide anion from 6 was quenched with 
formaldehyde to generate the allylic alcohol 7; then reduction 
of the lithium alkoxide (8) with diisobutylaluminum hydride 
followed by addition of iodine gave the Z-vinyl iodide, 9(38% 
yield from 7). Reaction of 9 with the combination sodium 
methoxide/nickel carbonyl produced the ester 10 (57%) un-
contaminated by the geometrical isomer. Bromination with 
phosphorus tribromide (including unmasking of the aldehyde) 
afforded the £-bromoaldehyde 2b in 61% yield. The charac
teristic triplet (1 H, J = 8.0 Hz) at 8 6.22 in the 1H NMR 
spectrum confirmed the assignment of configuration; none of 
the Z isomer could be detected. 

I 

C:=cx 
OMe 

OMe 

CO2Me 

V__/y-OMe V ^ / T - O M e 

OMe 
9 

OMe 
10 6, X = H 

7, X-CH,OH 
8, X=CH2OLi 

Reaction of Z-bromoaldehyde 2a with zinc dust at 65° or 
zinc/copper couple19 at 25° in tetrahydrofuran was complete 
in ca. 10 h.20 Optimum yields of the a-methylene-7-lactone 
11a were obtained using dilute solution, ca. 0.02 M in 2a. 
Under these conditions, the lactone was obtained in a high state 
of purity (TLC, 1H NMR, ir analysis) in 60-62% yield after 
isolation by preparative layer chromatography.21 The purified 
product and the crude product showed no evidence of the 
corresponding trans-fused isomer l ib ; the characteristic 1H 
NMR absorptions of the exocyclic methylene unit in 1 lb were 
clearly absent.22 Changes in the solvent (toluene, N,N-di-
methylformamide) and higher dilution led to slower and less 
efficient reaction. 

The isomeric allylic bromide, 2b, was transformed under the 
same conditions (Zn-Cu couple, THF, 25°, 1Oh) into a mix
ture of the cis-fused isomer (11a, 46% yield) and the trans
fused isomer ( l ib , 12% yield). The isomers were separated by 
preparative layer chromatography and conclusively identified 
by comparison of 1H NMR spectra with data from material 
prepared by a different route.22 

O 
O OS-

Ua lib 

Reaction of bis(l,5-cyclooctadiene)nickel23 with the Z-
bromoaldehyde 2a in tetrahydrofuran at —17° for 3 h pro
duced a red solution, presumably a 7r-allylnickel bromide dimer 
(12 or an isomer at C-3).24 After the mixture was stirred at 25° 
for 18 h, the cis-fused lactone, 1 la, was isolated by preparative 
layer chromatography in 52% yield. The trans-fused lactone 
l i b was not detected, but a coupling product of the allylic 
bromide, tentatively identified as 13 by 1H NMR and mass 
spectrometry, was isolated (15% yield). Under the same con
ditions, the £-bromoaldehyde 2b produced the cis-fused lac
tone 11a as the only isolated product (51% yield).25 

Thus both metal reagents convert the bromoaldehydes (2) 
into the fused-ring a-methylene-7-lactone structure (11) with 
a strong preference for cis ring fusion from both the Z and E 
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OHC C(XMe 

(CH2)5CHO 

Me02C(CH2)5 CO2Me 

13 

isomers of 2. The consistent formation 11a from both 2a and 
2b suggests a common allyl-zinc intermediate and a common 
7r-allylnickel intermediate (perhaps 12);25 this stereoselectivity 
also allows confidence that the model studies can be applied 
to total synthesis of natural products which bear the a-meth-
ylene-7-lactone unit fused to a perhydroazulene skeleton in 
the cis geometry.6'26 
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On the Entropic Control of Chemiluminescent Reactions 

Sir: 

Perrin has discussed the efficiency of chemiluminescent 
reactions from a thermodynamic point of view and concluded 
that in some systems there must be a "thermodynamic control" 
which puts a limit to the emission quantum yield.1 This con
clusion was based on the analysis of a cycle that would other
wise transform heat into work, violating the second principle. 
We consider that the proposed cycle really shows that a 
chemiluminescent reaction cannot be employed to transform 
heat into work and not that the reaction cannot take place with 
a high quantum yield. Let us consider the cycle proposed by 
Perrin1 

Step i: The chemiluminescent reaction 

B + hv (D 
takes place isothermally at a temperature T. 

Step ii: The radiation emitted in step i enters a Carnot ma
chine that produces an amount of work Wmix and converts 
some of the energy into heat (which goes to a reservoir at 
temperature T); and 

Step lilr Work is employed to regenerate A in the reac
tion 

B ^ A 

which also takes place at temperature T. 
If we define 

AG = GB - GA 

the second principle requires that, for the first step 

- A G > NAvhv - TSR (2) 

where S R is the entropy associated with the radiation.2 

For the machine, the maximum work obtainable is given by 

Wmax = NAvhv(Te- T)/Te (3) 

where Te is the temperature associated to the radiation.2 If we 
consider that 

SR = NAvhv/Te 

from eq 2 and 3 we obtain that 

Wmax < - A G 

(4) 

(5) 

This last equation shows that the maximum work obtainable 
is always less (or equal if all the processes were reversible) than 
the work required by step iii, even if the quantum yield of the 
chemiluminescent reaction is 1. Work must then be expended 
in running any real machine comprising this cycle. We can 
conclude then that, thermodynamics does not impose any 
control on the quantum yield of a chemiluminescent reaction. 
Thermodynamics, through eq 2, can determine if reaction 1 
or reaction 6 

B + hv (6) 

is faster under a given set of experimental conditions (con
centrations, temperature and density of the radiation field), 
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